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1.1. Weldability of lightweight alloys  
,Q WKH ODVW \HDUV WKH GHYHORSPHQW RI WKH
PDQXIDFWXULQJ WHFKQRORJLHV KDV OHG WR WKH ZLGH XVH RI
LQQRYDWLYH PDWHULDOV LQ YDULRXV LQGXVWU\ ILHOGV
/LJKWZHLJKWDOOR\VQDPHO\DOXPLQLXPPDJQHVLXPDQG
WLWDQLXP DOOR\V DUH FKDUDFWHUL]HG E\ D KLJK
VWUHQJWKZHLJKWUDWLRVRWKDWWKH\DOORZWKHSURGXFWLRQRI
OLJKW VWUXFWXUHV ZLWKRXW XVLQJ H[SHQVLYH FRPSRVLWH
PDWHULDOV 6XFK FKDUDFWHULVWLFV KDYH EHHQ KLJKO\
DSSUHFLDWHG E\ WKH   WUDQVSRUWDWLRQ LQGXVWU\ EHFDXVH RI
WKHZHLJKW UHGXFWLRQ UHVXOWLQJ LQ IXHO FRQVXPSWLRQ DQG
HPLVVLRQV GURS RII +RZHYHU WKH SURGXFWLRQ RI WKHVH
VWUXFWXUHV FRXOG QRW EH SXUVXHG ZLWKRXW LQQRYDWLYH
ZHOGLQJWHFKQRORJLHVWKDWGLIIHUHQWO\IURPRWKHUMRLQLQJ
WHFKQLTXHV LH VHOISLHUFLQJ ULYHWLQJ FOLQFKLQJ HWF
DOORZV PDWHULDO FRQWLQXLW\ LQ WKH MRLQW 7UDGLWLRQDO
ZHOGLQJWHFKQLTXHVDUHEDVHGRQWKHPHOWLQJRIWKHEDVH
PDWHULDODQGDILOOHUDORQJWKHMRLQLQJOLQH7KHKHDWIOX[
UHTXLUHGE\ WKHSURFHVV LV SURYLGHGE\YDULRXVVRXUFHV
DVR[\DFHW\OHQH WRUFKHOHFWULFDUF ODVHUEHDPHWF7KH
FULWLFSKDVHRIWKHSURFHVVLVWKHFRROLQJRIWKHZHOGWKDW
PXVW ILUVW EH SURWHFWHG E\ WKH R[LGDQW HIIHFWV RI
DWPRVSKHUH WKURXJK PHOWHG FHUDPLFV IORDWLQJ RQ LW RU
LQHUWJDVEORZQRQ LW%HVLGHVGXULQJ WKH VROLGLILFDWLRQ
RI WKH ZHOG RWKHU XQWRZDUG SKHQRPHQD VXFK DV
VHJUHJDWLRQ GHQGULWLF UHFU\VWDOOL]DWLRQ JDV EXEEOHV
SRURVLW\ DQG LQWHUPHWDOOLF IRUPDWLRQ PD\ RFFXU
FRPSURPLVLQJWKHMRLQWUHVLVWDQFH
$OO WKHVH LVVXHV DUH SDUWLFXODUO\ UHOHYDQW DV WKH
ZHOGLQJRI OLJKWZHLJKWDOOR\V LVFRQFHUQHG8QWLO D IHZ
\HDUVDJRDOOWKHDOXPLQLXPDOOR\VZHUHFRQVLGHUHGQRQ
ZHOGDEOH EHFDXVH RI WKH IRUPDWLRQ RI$O2 GXULQJ WKH
SURFHVV 6XFK FHUDPLF UHIUDFWRU\ R[LGH FRPPRQO\
FDOOHG DOXPLQD TXLFNO\ FRYHU WKH ZHOG DW KLJK
WHPSHUDWXUH DQG KLV H[WUHPH KDUGQHVV DQG WKH UHODWLYH
IUDJLOLW\FDXVHVWKHIDLOXUHRIWKHMRLQW7KHGHYHORSPHQW
RI 7,* DQG 0,* WHFKQRORJ\ SDUWO\ VROYHG WKLV LVVXH
+RZHYHU PDQ\ RI WKH RWKHU VRXUFHV RI GHIHFWLYHQHVV
VXFK DV WKH IRUPDWLRQ RI SRURVLW\ FDXVHG E\ K\GURJHQ
EXEEOHV WUDSSHG LQ WKHZHOG K\GURJHQ LV FKDUDFWHUL]HG
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E\ GLIIHUHQW VROXELOLW\ LQ VROLG DQGPHOWHG DOXPLQLXP
FDQQRWFRPSOHWHO\RYHUFRPH&RQVHTXHQWO\VRPHRIWKH
















0DJQHVLXP DOOR\V FDQ DOVR EH ZHOGHG XVLQJ 0,*
7,* DQG ODVHU WHFKQRORJ\ LQ SDUWLFXODU 0J$O DOOR\V
DUHFRQVLGHUHGWKHPRVWZHOGDEOHRIWKHPZKLOH0J=Q
DOOR\V DUH RIWHQ DIIHFWHG E\ KRW FUDFNLQJ GHIHFWV
7LWDQLXP DOOR\V UHVXOW WR EH WKH PRVW FRPSOH[ WR EH
ZHOGHGEHFDXVHK\GURJHQDQGZDWHUYDSRXUFUHDWHEULWWOH
VWUXFWXUHV IURPDERXW&VR WKDW WKH MRLQW LVXVXDOO\
ZHOGHG XQGHU FRQWUROOHG DWPRVSKHUH 2WKHU LQQRYDWLYH
WHFKQRORJLHVXVHGWRVRXQGO\ZHOGOLJKWZHLJKWDOOR\VDUH
WKH HOHFWURQ EHDP ZHOGLQJ (%: DQG WKH ODVHU EHDP
ZHOGLQJ/%:7KHVHSURFHVVHVUHVXOWWREHLQHIILFLHQW
LQ WHUPV RI MRLQW PHFKDQLFDO SURSHUWLHV EHFDXVH RI WKH
YDSRUL]DWLRQ RI PDJQHVLXP DQG ]LQF DQG WKH KLJK
UHIOHFWLYLW\RIWKHFLWHGDOOR\V>@
1.2. Solid bonding process 
,Q WKH ODVW GHFDGHV UHVHDUFKHUV KDYHGHYHORSHGQHZ
MRLQLQJ WHFKQRORJLHV WR UDGLFDOO\ VHWWOH DOO WKH LVVXHV
OLQNHG WR WKH PHOWLQJEDVHG ZHOGLQJ WHFKQLTXHV 7KH
VROLGVWDWH ERQGLQJ WHFKQRORJ\ DOORZ WR REWDLQ VRXQG
ZHOG ZLWKRXW UHDFKLQJ WKH PHOWLQJ WHPSHUDWXUH RI WKH
EDVH PDWHULDO 6ROLG ERQGLQJ SKHQRPHQRQ RFFXUV LQ
PHWDOPDWHULDOVZKHQDSODVWLFIORZLVVXEMHFWHGWRKLJK
SUHVVXUHDQGWHPSHUDWXUH7KHWKLUGYDULDEOHWKDWDIIHFWV




PHFKDQLVP RI JHQHUDWLRQ RI WKH KHDW IOX[ QHFHVVDU\ WR
WKHPDWHULDOVRIWHQLQJWKHPRVWFRPPRQHQHUJ\VRXUFHV
DUH WKH ZRUN RI IULFWLRQ IRUFHV IULFWLRQ VWLU ZHOGLQJ
)6:OLQHDUIULFWLRQZHOGLQJ/):DQGURWDU\IULFWLRQ
ZHOGLQJ 5): DQG KLJK IUHTXHQF\ XOWUDVRXQG
XOWUDVRQLFZHOGLQJ,QGHHGVROLGERQGLQJSKHQRPHQRQ
FKDUDFWHUL]HV RWKHU SURGXFWLRQ WHFKQRORJLHV LQ WKH ILHOG
RI SODVWLF GHIRUPDWLRQ VXFK WKH SRUWKROH GLH H[WUXVLRQ
>@GXULQJH[WUXVLRQDPDQGUHODQGVRPHVSLGHUVGLYLGH
WKH SODVWLF IORZ WKDW LV KHQFH FROOHFWHG LQ D ZHOGLQJ
FKDPEHUZKLFKDSSO\ WKHQHFHVVDU\SUHVVXUH WR IRUPD
VROLG SLSH$OWKRXJK WKLV SURFHVV LV FRPPRQO\ XVHG LQ
PDQ\LQGXVWULDOILHOGVKLVHQJLQHHULQJLVVWLOOLQFRPSOHWH
DQG EDVHGRQ HPSLULFDO GDWD UDWKHU RQ VROLG NQRZOHGJH
RIWKHSKHQRPHQDWKDWFRQWUROLW>@

$V IDU DV IULFWLRQ EDVHG ZHOGLQJ SURFHVVHV DUH






















)LJ $XGL 6SDFH )UDPH $6) >@ FKDVVLV RI DQ $XGL $
PDQXIDFWXUHG ZLWK PDJQHVLXP DQG DOXPLQLXP HOHPHQWV PDQXDOO\
ZHOGHGEHFDXVHRIWKHGHIHFWLYHQHVVRIWKHPHOWLQJSURFHVV
2QWKHRWKHUKDQGRQHRI WKHPRVWNQRZQLQGXVWULDO
DSSOLFDWLRQ RI /): LV WKH SURGXFWLRQ RI WKH VR FDOOHG
EOLVNVLHERQGLQJRIEODGHVVHH)LJRQWKHURWRUVRI
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,QWKLVSDSHUWKHHYROXWLRQDQGWKHSRWHQWLDORI)6:
DQG/): LV DQDO\VHG GHVFULELQJ WKHZHOGLQJ SURFHVVHV
DQG WKH SDUDPHWHU RI LQIOXHQFH WKDW DIIHFW WKHP)XWXUH





GHYHORSHG DQG SDWHQWHG LQ  E\ 7KH :HOGLQJ
LQVWLWXWH7:,RI&DPEULGJH7KLV WHFKQRORJ\DOORZWR
MRLQ VKHHW PHWDO WKDQNV WR D FRPSOH[ SODVWLF IORZ RI
PDWHULDO FDXVHG E\ WKH DFWLRQ RI D SURSHUO\ GHVLJQHG
URWDU\WRROWKDWLVSOXQJHGQHDUE\WKHHGJHVRIWKHVKHHWV
DQGPRYHG DORQJ WKHZHOGLQJ OLQH'XULQJ WKHSURFHVV
QRILOOHU LVXVHGDQGWHPSHUDWXUHUHVXOWV WREHXQGHU WKH
PHOWLQJSRLQWRI WKHEDVHPDWHULDO VR WKDW DOO WKH LVVXHV
















7KH WRRO UHVSRQVLEOH RI ERWK VWLUULQJ DQG IULFWLRQ
DFWLRQ LV FKDUDFWHUL]HG E\ D ³VKRXOGHU´ DQG D VPDOOHU
HQGMXW FDOOHG ³SLQ´ 7KH VKRXOGHU IRUPV D VPDOO
³QXWLQJ´DQJOHZLWK WKH VKHHWPHWDO UHGXFLQJ WKHDFWXDO
FRQWDFW WR RQHKDOI RI VKRXOGHU¶V VXUIDFH 6LQFH WKH
VSUHDGRIWKLVSURFHVVPDQ\GLIIHUHQWDQGFRPSOH[WRRO
JHRPHWULHV KDYH EHHQ GHYHORSHG LQ RUGHU WR RSWLPL]H
SODVWLFIORZDQGKHDWSURGXFWLRQ$WWKHEHJLQQLQJRIWKH
SURFHVV WKH WRRO LV SOXQJHG DW FRQVWDQW YHORFLW\ LQ WKH
PHWDO XQWLO WKH ERWWRP RI WKH SLQ LV D IHZ WHQWKV RI
PLOOLPHWUHIDUIURPWKHERWWRPRIWKHVKHHWV7KHLQLWLDO
LQYHUVHH[WUXVLRQFDXVHGE\WKHSLQSOXQJLQJLVDUUHVWHG
E\ WKH VKRXOGHU WKDW FRQVHTXHQWO\ JHQHUDWHV KHDW E\
IULFWLRQ7KHPDWHULDO VRIWHQLQJFDXVHGE\ WKHKHDW IOX[
HQDEOH DQ HIIHFWLYH VWLUULQJ DFWLRQ H[HUWHG E\ ERWK WKH
















)LJ  )6:HGEXWW MRLQWZHOG DQG VHFWLRQPDFURJUDSK\ PP WKLFN
$$56DQG$=%$6
7KH WUDMHFWRU\ RI HDFK SRLQW RI WKH WRRO FDQ EH
FRQVLGHUHGLJQRULQJWKHQXWLQJDQJOHDF\FORLGFXUYHVR
WKDWWKHPDWHULDOIORZUHVXOWWREHLQKHUHQWO\DV\PPHWULF
WZR GLIIHUHQW ]RQHV FDQ EH LGHQWLILHG LQ WKH ZHOG
GHSHQGLQJ RQ WKH FRPELQHG DFWLRQ RI WKH URWDU\ DQG
DGYDQFLQJPRWLRQV7KHVLGHZKHUHDGYDQFLQJDQGURWDU\
YHORFLW\DUHFRQFRUGLVVRFDOOHG³$GYDQFLQJ6LGH´$6























































7KH SURFHVV SDUDPHWHUV FRPPRQO\ YDULHG GXULQJ
H[SHULPHQWDO FDPSDLJQV DQG QXPHULFDO VLPXODWLRQV DUH
WKHWRROURWDWLRQDQGIHHGUDWHWKDWGLUHFWO\DIIHFWWKHKHDW
JHQHUDWLRQ DQG VWLUULQJ DFWLRQ DV ZHOO DV WKH WRRO
JHRPHWU\ -RLQWV SURGXFHG ZLWK GLIIHUHQW FRPELQDWLRQV
RIWKHFLWHGSDUDPHWHUVFDQKHQFHEHDQDO\VHGLQRUGHUWR
ILQG RXW WKH EHVW FRQILJXUDWLRQ ,Q SDUWLFXODU 876 WKH
WUHQGRIWKHDYHUDJHJUDLQVL]HDQGPLFURKDUGQHVVRQWKH
ZHOG VHFWLRQ DUH FRPPRQO\ LQYHVWLJDWHG 2EWDLQHG
UHVXOWVVKRZWKDWRSWLPL]LQJWKHSURFHVVLWLVSRVVLEOHWR
REWDLQ 876 RI WKH MRLQWV DOPRVW HTXDO WR WKH EDVH





DV DSSOLHG WR DOXPLQLXP DOOR\V KDV EHHQ UHDFKHG WKH
UHVHDUFKHUV IRFXVHG RQ GLIIHUHQW DQG PRUH ³GLIILFXOW´
PDWHULDOVVXFKPDJQHVLXP>@DQGWLWDQLXP>@
DOOR\VVHH)LJ7LWDQLXPDOOR\VFDXVHPDQ\SUREOHPV
EHFDXVHRI WKHLUKLJK VWUHQJWKDQG UHTXLUH VRPHVSHFLDO
DUUDQJHPHQWVWREHVRXQGO\ZHOGHGWKHZHOGKDYHWREH
SURWHFWHG ZLWK LQHUW JDV EHFDXVH RI WKH HOHYDWH
WHPSHUDWXUH RI WKH SURFHVV DQG IRU WKH WRRO YHU\ KDUG
PDWHULDOVPXVWEHXVHGWRQRWEHTXLFNO\ZRUQRXW>@
5HFHQWO\ WKH )6: SURFHVV KDV EHHQ DSSOLHG RQ






























WKH GHYHORSPHQW RI GHGLFDWHG PDFKLQHV D IHZ SDSHUV
KDYH EHHQ SXEOLVKHG E\ UHVHDUFK JURXSV DOO DURXQG WKH
ZRUOG >@ /): FDQ EH GLYLGHG LQ IRXU GLVWLQFW
IXQGDPHQWDOSKDVHVVHH)LJILUVWWKHZRUNSLHFHVDUH
EURXJKW LQWR FRQWDFW WKH LQLWLDO FRQWDFW VXUIDFH LV
DFWXDOO\ OHVV WKDQ WKH DUHDV RI ZHOGLQJ EHFDXVH RI WKH
PLFURURXJKQHVV%HFDXVHRIWKHRQVHWRIDQRVFLOODWRU\
PRWLRQ DQG WKH DSSOLFDWLRQ RI WKH FORVLQJ SUHVVXUH WKH
URXJKQHVVLVTXLFNO\UHGXFHGLQFUHDVLQJWKHFRQWDFWDQG
WKH KHDW JHQHUDWLRQ FDXVHG E\ IULFWLRQ DFWLRQV ,I WKH
JHQHUDWHGKHDWIOX[LVDGHTXDWH WKHSURFHVVJRHVE\WKH
VXFFHVVLYH VWHSRI ³WUDQVLWLRQ´ LQZKLFK WKH LQFUHDVH RI
WHPSHUDWXUH FDXVHV WKH VRIWHQLQJ RI WKH PHWDO 7KH
VRIWHQLQJREWDLQHGFDXVHV WKH VLGHZDUGH[WUXVLRQRI WKH
PDWHULDO WKDW SURGXFHV WKH W\SLFDO ³IODVK´ UHGXFLQJ WKH
KHLJKW RI WKH ZRUNSLHFHV HTXLOLEULXP SKDVH )LQDOO\
WKH UHODWLYHPRWLRQRI WKHSLHFHV LV TXLFNO\ DUUHVWHG LQ
OHVV WKDQ VDQG WKHFORVLQJSUHVVXUH LV LQFUHDVHG LQ
RUGHUWRFRPSOHWHWKHZHOGLQJSURFHVV7KHPDLQSURFHVV
SDUDPHWHUV DIIHFWLQJ /): DUH LQWHUIDFH SUHVVXUH
RVFLOODWLRQ IUHTXHQF\ RVFLOODWLRQ DPSOLWXGH FRPPRQO\
VLQXVRLGDODQGGXUDWLRQRIWKHSURFHVV6XUIDFHILQLVKRI
WKH ZRUNSLHFHV DQG IULFWLRQ FRHIILFLHQW EHWZHHQ WKH
PDWHULDOVKDYHWREHSURSHUO\WDNHQLQWRDFFRXQW

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PDFKLQHV FDQQRW EH HDVLO\ SURGXFHG DGDSWLQJ FRPPRQ
PDFKLQH WRRO VXFKPLOOLQJPDFKLQHV RU ODWKHV XVHG WR
PDGH )6: DQG 5): PDFKLQHV UHVSHFWLYHO\ ZKLOH
GHGLFDWHGFRPPHUFLDOPDFKLQHVDUHRIWHQWRRH[SHQVLYH
DQGXQVXLWHGWRH[SHULPHQWDOVWXGLHV5HVHDUFKLQVWLWXWHV
ZRUNLQJ RQ /): KDV RIWHQ PDQXIDFWXUHG SURWRW\SDO
/):PDFKLQHVWKHPVHOYHV

,Q SDUWLFXODU WKH ',&*,0 UHVHDUFKHU RI WKH
8QLYHUVLW\ RI 3DOHUPR GHYHORSHG EDVLQJ RQ SUHYLRXV
NQRZOHGJH >@ D /): PDFKLQH VHH )LJ 
FKDUDFWHUL]HG E\ D NLQHPDWLF GHVPRGURPLF FKDLQ ZLWK
WUHIRLO FDPV >@ WKDW WUDQVPLW WKH RVFLOODWLRQ WR RQH RI
WKH VSHFLPHQV $ K\GUDXOLF DFWXDWRU DSSO\LQJ WKH
QHHGHGSUHVVXUHPRYHVWKHRWKHUZRUNSLHFH7KHGHYLFH
LV KHQFH ILWWHG RXW ZLWK D SQHXPDWLF FOXWFK WKDW
VHSDUDWHVLWIURPWKHHQJLQHLQRUGHUWRUHGXFHWKHLQHUWLD
LQWKHGHFHOHUDWLRQSKDVHDQGDIHZVHQVRUVWRPHDVXUH









































)LJ  )(0 DQDO\VLV RQ WHPSHUDWXUHV GLVWULEXWLRQV $670 $
VWHHO
$V IRU)6:H[SHULPHQWDO FDPSDLJQVDQGQXPHULFDO
VLPXODWLRQV >@ VHH )LJ  KDYH EHHQ FDUULHG RXW LQ
RUGHU WR ILQG IRU HDFK VWXGLHG PDWHULDO WKH EHVW
FRPELQDWLRQ RI SURFHVV SDUDPHWHUV ZLWK WKH DLP WR
PD[LPL]H WKH MRLQW PHFKDQLFDO SURSHUWLHV %RWK
DOXPLQLXP DOOR\V )LJ  DQG VWHHOV ZHUH DQDO\VHG
)XWXUHGHYHORSPHQWVLQFOXGHIXUWKHULPSURYHPHQWRIWKH


























6ROLGVWDWH ZHOGLQJ WHFKQRORJ\ UHSUHVHQWV DQ
LPSRUWDQW UHVHDUFK ILHOG IRU WKH SURGXFWLRQ RI KLJK
SHUIRUPDQFH FRPSRQHQWV GXH WR WKH H[FHOOHQW
FKDUDFWHULVWLF RI PHFKDQLFDO VWUHQJWK RI WKH MRLQWV
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0RUHRYHU WKH DEVHQFH RI ILOOHU PDWHULDO FRQVXPDEOH
WRROVVWDNLQJSURWHFWLYHJDVVHVDQGGDQJHURXVSURGXFWV
RI WKH ZHOG PDNHV WKHVH SURFHVVHV ³HFRIULHQGO\´ DQG
VDIHU IRU WKH RSHUDWRU 'LIIHUHQW PDWHULDOV FDQ EH
VXFFHVVIXOO\ ZHOGHG DQG WKH QXPHULFDO VLPXODWLRQ ZDV
GHPRQVWUDWHGWREHDQHIIHFWLYHWRROIRUWKHSUHGLFWLRQRI
WKH GLVWULEXWLRQ RI WKH PDLQ ILHOG YDULDEOHV RI WKH
PLFURVWUXFWXUDO HYROXWLRQV GXULQJ WKH ZHOG DQG RI WKH
ILQDOPHFKDQLFDO SURSHUWLHVRI WKH MRLQWV ,Q WKLVZD\ D




>@ 0DODUYL]K 6 9 %DODVXEUDPDQLDQ  ,QIOXHQFHV RI WRRO
VKRXOGHU GLDPHWHU WR SODWH WKLFNQHVV UDWLR '7 RQ VWLU ]RQH
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